The hepatocyte growth factor (HGF) was initially identified as a protein that promoted growth of hepatocytes. It regulates proliferation and survival of different types of cells. HGF signaling, which is initiated by its binding to a receptor tyrosine kinase, plays critical roles during development. HGF and its receptor are also present in brain cells. This review describes the role of HGF in hippocampal neurons, synaptic plasticity, and the memory impairment condition, Alzheimer's disease.
INTRODUCTION
Hepatocyte growth factor (HGF), a heparin-binding protein, was identified as a potent mitogen for hepatocytes [1] . It is made up of disulfide bond-linked light and heavy chains. Molecular cloning has revealed that the heavy and light chains are encoded by the same mRNA [2, 3] . HGF is thus synthesized as a single-chain protein, which is then proteolytically processed to generate heavy and light chains [4, 5] .
HGF signaling starts with its binding to the high-affinity tyrosine kinase receptor, Met. Met is made up of disulfide bond-linked alpha and beta chains. The alpha chain is extracellular, whereas the beta chain is a transmembrane peptide. Upon HGF binding, the Met receptor undergoes dimerization and phosphorylation. When phosphorylated, the tyrosine residues in the beta subunit serve as docking sites for the downstream signaling mediators and lead to activation of signaling systems, including the extracellular signal-regulated kinase (ERK) and the phosphatidylinositol-3-kinase (PI3K) pathways [6, 7] . The HGF-Met signaling is regulated by the HGF activator (HGFA) and its inhibitor (HGFAI). HGFA is a protease that acts on the precursor protein and produces active HGF. HGFAI blocks the activation of HGFA [8] . HGF signaling is important during development since genetic manipulation of this signaling leads to embryonic lethality. HGF is also a survival factor for many cell types [7] .
In addition to other cells of the body, HGF and its receptor are also expressed in the brain, including the hippocampal region [9, 10, 11] . Furthermore, HGF activates Met and the downstream component, ras proteins, in the neurons [12] , indicating the presence of a functional HGF signaling system. The following sections describe the role of HGF in hippocampal neurons, long-term potentiation, and Alzheimer's disease.
HGF AND HIPPOCAMPAL NEURONS
Tyndall and Walikonis [13] examined activity-dependent regulation of HGF signaling in hippocampal neurons. They found that treatment of the hippocampal neurons with glutamate, an excitatory neurotransmitter, increased HGF staining on the neurons. In addition, there was an increase in HGF levels in the culture media after glutamate treatment. Importantly, glutamate treatment led to enhanced phosphorylation of Met. These investigators then used bicuculline to increase synaptic activity and examined the effects on Met activation. Bicuculline is an antagonist of the gamma-aminobutyric acid (GABA) receptor and thus would block the inhibitory input to the neurons, leading to an increase in synaptic activity. Similar to glutamate, bicuculline application also led to Met activation. Moreover, the pattern of Met activation with bicuculline was similar to that with the glutamate. These results show that synaptic activity modulates HGF signaling in hippocampal neurons.
Excitatory synaptic transmission plays crucial roles in maintaining proper physiology of the nervous system and in experience-dependent plasticity. Tyndall and Walikonis [14] found that the HGF receptor was present at the excitatory synapses in hippocampal neurons. More importantly, Met was clustered in the postsynaptic density region of the synapse. In addition, HGF enhanced the expression of glutamate receptor subunits. Furthermore, HGF increased the number of PSD95 and synapsin clusters, and enhanced KCl depolarization-induced glutamate release from the cultured hippocampal cells [15] . Activitydependent dendritic remodeling is a prominent feature during development and also in the mature nervous system. HGF plays crucial roles in dendritic arborization [16, 17] . Walikonis and colleagues found that HGF enhanced dendritic arborization in the hippocampal neurons and this effect required N-methyl-daspartate (NMDA) receptor activity [17] . Moreover, HGF treatment increased Ca ++ levels in the cells in a NMDA receptor activity-dependent manner. Lim and Walikonis [18] further showed that HGF-induced dendritic growth required Akt activity. Collectively, these results show that HGF modulates synaptic function and enhances dendritic arborization.
EFFECTS OF HGF ON LONG-TERM POTENTIATION
Activity-dependent plasticity is important for proper development of the nervous system. It is also critical for memory formation. Long-term potentiation (LTP) refers to the phenomenon of an increase in synaptic strength. Since its discovery by Bliss and Lomo [19] in the hippocampus, it is widely studied as a candidate for cellular mechanism of memory formation [20, 21] . LTP can be induced in a variety of pathways in the brain, and can last for hours in vitro and for a much longer time in vivo. The mechanisms of LTP vary depending on the neuronal pathway and the induction protocol. LTP at the CA3-CA1 synapses in the hippocampus has been widely used for the studies of mechanisms and properties of LTP. In this pathway, the NMDA receptor, a type of glutamate receptor, plays critical roles in the induction of LTP. Several signaling molecules, including calmodulin-dependent kinase, protein kinase A, protein kinase C, and ERK, are important for LTP [22, 23] . In addition, brain-derived growth factor (BDNF) plays important roles in LTP [24] . Similar to memory, LTP also has different phases that can be distinguished, based on their molecular requirement. For example, the late phase of LTP requires changes in protein and RNA synthesis, whereas the early phase of LTP is independent of transcription and translation.
Akimoto and colleagues [11] studied the role of HGF in the formation of LTP in the hippocampus. They found that exogenously applied HGF increased the magnitude of LTP at the CA3-CA1 synapses. Importantly, HGF had no effects on basal synaptic transmission. In addition, paired pulse facilitation, a short-term plasticity, was also unaffected by HGF. How does HGF enhance LTP? Since the activation of alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and NMDA receptors is known to play critical roles in LTP, the authors examined whether HGF affected AMPA or NMDA receptor activity. They found that HGF increased the NMDA-induced current, but had no effects on AMPAinduced current in the hippocampal neurons. These results suggest that the effect of HGF on the NMDA receptor current could contribute to its enhancing effect on LTP. Interestingly, HGF did not affect long-term depression, another kind of synaptic plasticity in which there is a decrease in synaptic strength. It remains to be examined whether HGF-induced enhancement of LTP follows the mechanisms that are important during normal LTP formation. For example, does HGF-induced LTP enhancement require activation of ERK, which has been shown to play crucial roles in synaptic plasticity and memory in different model systems [23, 25] ? Also, does HGF-facilitated LTP require new protein and RNA synthesis? In addition, it would be interesting to examine whether blocking HGF signaling affects normally induced LTP.
HGF AND ALZHEIMER'S DISEASE
Alzheimer's disease (AD) is a progressive, neurodegenerative disorder and is the most common form of dementia in the elderly. Since its discovery by Alois Alzheimer more than a century ago, tremendous efforts have been directed towards identifying the molecular mechanisms involved in AD. Pathologically, AD is characterized by the presence of amyloid plaques and neurofibrillary tangles in the brain. It is widely accepted that amyloid beta (A-beta), which is generated by proteolytic processing of amyloid precursor protein, plays important roles in the development of AD. A-beta causes neurodegeneration and neuroinflammation, and impairs LTP and memory.
Considerable efforts are directed towards identifying agents that can protect neurons, reduce inflammation, and improve memory. HGF shows beneficial effects in the amyotrophic lateral sclerosis (ALS) model [26] and attenuates memory deficits after cerebral ischemia [27] . In addition to neurons, HGF is present in other cells of the nervous system, such as astrocytes, and its levels are increased in AD patients [28, 29] . Furthermore, HGF levels are increased in the cerebrospinal fluid of AD patients, perhaps due to white matter damage [30] . Takeuchi et al. recently explored whether the cognitive deficits in an animal model of AD can be ameliorated using the HGF gene therapy approach [31] . They found that ultrasound-mediated transfer of human HGF plasmid DNA into mouse brain resulted in the expression of human HGF. In addition, there was an increase in the expression of endogeneous mouse HGF. Furthermore, the HGF receptor was also up-regulated after HGF gene transfer, suggesting an enhancement in HGF signaling. Having established that transfer of HGF gene in the brain leads to its synthesis, the authors then examined whether enhancing the levels of HGF had any effects on cognitive ability. To create an AD model, they injected A-beta peptide into the mouse brain using an intracerebroventricular route. The injection of A-beta peptide recapitulates some of the pathological features of AD and has been used in several studies to examine different aspects of AD. Injection of Abeta peptide impaired cognitive ability. However, HGF expression led to improvement in cognitive performance in the A-beta-injected animals.
How does HGF improve the performance of animals in cognitive tasks? The authors noticed several beneficial effects after HGF expression that could contribute to improvement in cognitive ability. They found a decrease in the blood-vessel density after injection of A-beta peptide that improved after HGF expression. The increase in blood-vessel density after HGF expression is in agreement with the known angiogenic property of HGF. The results suggest that increased blood-vessel density could, at least in part, contribute to improvement in cognitive tasks. A decrease in cerebral blood flow is observed in AD patients [32] .
Oxidative stress has been implicated in AD [33] . Does expression of HGF in the mouse model of AD have any effects on oxidative stress? Takeuchi et al. [31] found that A-beta injection induced oxidative stress in the hippocampus of the animals. However, HGF expression showed beneficial effects in decreasing oxidative stress. In this regard, the action of HGF is similar to the actions of antioxidants that have been shown to have beneficial effects in the experimental setup. The authors further found an increase in the expression of BDNF, both at the mRNA and protein levels, after HGF expression. Thus, HGF expression improves memory deficits in the A-beta-injected animals by a combination of its effects on blood-vessel density, oxidative stress, and BDNF expression.
CONCLUSIONS
HGF increases dendritic arborization and enhances LTP in the hippocampus. The fact that A-beta impairs LTP [34] and that HGF enhances LTP raises the possibility that HGF treatment could be beneficial in overcoming synaptic plasticity deficits induced by A-beta. As described earlier, HGF activates ERK signaling. Since ERK plays important roles in synaptic plasticity and memory, it would be interesting to examine whether A-beta affects HGF-induced ERK signaling. Growth factors offer a promising approach for the treatment of neurodegenerative diseases. However, therapeutic use of growth factors is limited due to their inability to permeate the blood-brain barrier (BBB). The development of small molecules that can cross the BBB and increase the production of endogenous growth factors is in progress. Recently, S18986, a modulator of AMPA receptors was shown to increase the levels of BDNF under certain conditions [35, 36] . It remains to be examined whether AMPA receptor modulators affect the levels of HGF.
